Frequency dependent phase and amplitude distortion may theoretically be minimized using correction formulae derived from a model which assumes that water-filled catheter-manometer systems are analogous to an oscillating mass attached to a spring and damping pot. This study defines the practical limits of this correction technique using harmonic analysis of simultaneously recorded water-filled and catheter-tip manometer systems.
crease the damping but decrease natural frequency. 3' 4 Tuned circuits and electrical filters have been used to correct for underdamping. The amplitude and phase changes effected with these devices are difficult to match to the particular catheter system, however.5' 8 Recently the use of air-filled catheters to reduce catheter movement artefact7 has shown some promise. Catheter-tip manometers are now available which have excellent frequency and phase response characteristics and are capable of reproducing physiologic events with a high degree of accuracy. 8 These have the disadvantages of higher initial cost, lower signal levels, and fewer shapes which limit maneuverability compared to conventional cardiac catheters and external pressure transducers.
In 1928, Wiggers suggested the use of harmonic analysis to eliminate frequency dependent pressure wave distortions.9 Although this technique has been employed for correction of pressure pulse waves,'0 we have been unable to find reports establishing its practical limits. Simultaneously obtained data from a conventional catheter-external manometer and a catheter-tip manometer were compared to the waveforms corrected by harmonic analysis. This type of analysis also allows the study of frequency response characteristics of the catheter-manometer system at the instant of the pressure curve recording. as the percent deviation of each from that obtained using the catheter-tip manometer.
Results
A simultaneous display of brachial artery tracings of catheter-tip manometer (CTM), original and resynthesized pressure curves for a system with a damped natural frequency (fd) of 8 Hz and damping ratio (a) of 0.36 is shown in figure 1 . The systolic peak is amplified and delayed in the conventional curves compared to the simultaneously recorded catheter-tip tracing. The original pulse pressure was 27% greater than that of the CTM and this error was reduced to 9% in the resynthesized curve. The corrected waveform is only a fair approximation of the CTM tracing, especially at the time of the dicrotic notch.
As the frequency response of the conventional manometer system was increased, in general, deviations between the original and the catheter-tip manometer systems decreased. In addition, the amount of correction obtained from the resynthesis increased (table 1). Figure 2 is an example of an arterial pressure tracing recorded with the cathetermanometer system having a fd of 15 Hz and a of .20. Comparison with figure 1 shows that the original wave is a slightly better approximation of the CTM tracing while the resynthesized curve is virtually identical to the CTM tracing.
Since the reproducibility of frequency response determinations have been shown to vary as much as 30%,12 the ratio of the moduli of the cathetermanometer system to the CTM were plotted as a method of determining the characteristics of the catheter-manometer during the time of recording the pressure wave. In figure 3 it may be seen that there is a small resonance peak at the 4th harmonic which corresponds to resonant frequency of 10 Hz. Using the maximum value obtained at this peak, the damping factor is calculated to be .42.4 These values are Figure 4 illustrates resynthesized waveforms obtained using the damped natural frequency measured from the step response and also from the ratio of uncorrected to catheter-tip manometer moduli ( fig. 3) The ratio of uncorrected, original moduli to those of the catheter-tip manometer is a reflection of the distortions imposed on the pressure wave by the fluid filled system. The arrow points to a resonance peak at the 4th harmonic, which corresponds to 10 Hz. The amount of amplification was used to calculate the damping ratio (see reference 4 for details). Resonance peaks at the 16th and 18th harmonics are unimportant since the amplitude of the harmonic terms is so small.
catheter. Figure 7A shows the step response for this catheter-external manometer system and figure 7B is semilog plots of successive decay amplitudes. Two separate lines with markedly different slopes, each corresponding to one of the coupled systems, may be seen. We have found that such loose coupling is a not infrequent occurrence. Of 26 catheter systems, three were overdamped, seven had two resonance peaks, and five had three or more peaks. Only 11 (42%) had the expected single resonance peak. Fortunately, about half of the multiple resonances occurred at higher frequencies, when the moduli of the waveforms were quite small and exerted a minimal influence upon the pressure wave. Loose coupling is a major hindrance to the correction of waveforms. Furthermore, it may be difficult to eliminate, even with close attention to system assembly, flushing or using deaerated fluids to minimize air bubbles. Catheter-tip Manometer (-----) Figure 4 Harmonic correction of brachial artery tracing using damped naturalfrequency (DNF) and damping (alpha) measured by step response is shown on the left hand side of the figure. Considerably better correction was obtained using the values obtained from the ratio of uncorrected to catheter-tip manometer moduli ( fig. 3 ).
HARMONIC NUMBER Figure 5 Three patterns of resonance are shown. The frequency response requirements for recording first derivatives are approximately six times greater than those required for recording the original waveforms.14 The first derivative, dp/dt, calculated from conventional catheter-manometer systems showed average errors of 34-36% when compared to CTM systems (table 3) . Furthermore, there was no improvement in these errors with increases of fd, up to 80 Hz. Correction of the waveform showed that the deviation of the peak dp/dt from the CTM values was often increased by the resynthesis, particularly when the frequency response was less than 25 Hz ( Loose coupling may be caused by tiny air bubbles, leaky connections, or overly compliant plastic tubing used as a connector. The two separate systems then act to cause multiple resonance peaks and errors in recording. The width of the resonance area or distance between the amplitude peaks is determined by a coupling coefficient which may be mathematically defined. 1' Correction difficulties encountered with loose coupling are related to the magnitude of the modulus values in the resonance areas, as well as the width of the resonance band. When loose coupling is present, with a large amount of catheter movement artefact and low damping, correction of pressure waveforms is usually not rewarding.
The mathematical model does not appear to be valid for frequencies much higher than resonance. If the frequency being recorded is more than 1.5 times the natural frequency,1' 2 overcorrection occurs. This imposes serious limitations on correction of low frequency response systems. We have generally been unsuccessful with correction of systems with an undamped natural frequency less than 10 Hz (table 2) .
Falsetti and co-workers designed an analog compensator to improve the dynamic characteristics of fluid-filled catheter transducer systems. 6 Optimal use of their system is based on the constant frequency response exhibited by a single catheter which allowed them to perform a dynamic calibration of the catheter prior to sterilization and thus avoid additional procedures in the catheterization laboratory. However, they also noted that extremely small air bubbles, temperature changes, as well as changes in transmural pressure all affected the damping ratio and, to a lesser extent, the frequency response. Our earlier studies have shown changes in fd when measured repeatedly using the step response method.12 The variation in fd and a in the present study suggests that the use of a The use of recording systems with high natural frequencies and optimal damping is important in obtaining reliable data, particularly if the resultant pressure wave is to be differentiated12 or with high heart rates. "3 Analysis of 81 representative pressure tracings recorded by catheter-tip manometers showed that the average number of harmonics needed to reproduce both the original pressure pulse and dp/dt varied widely at different sites ranging from an average of 3 for the iliac artery to 14 for the left atrium, as well as varying widely at each site.`Differentiation increased the number of harmonics required, an average of sixfold. Furthermore in actual practice, frequency response requirements increase as the amount of damping in the system decreases.
The requirements for accurate recording of the first derivative are such that significant errors may be introduced by fluid-filled manometers. Catheter-tip manometers should be employed in subjects or patients with high or varying heart rates or for measurement of dp/dt. Harmonic 
Conclusions
Water-filled catheters with external transducers produce frequency dependent phase and amplitude distortions during pressure wave recording. Correction formulae, based on a simple mechanical model, are only moderately successful for underdamped high frequency response systems and generally unsuccessful for low frequency response systems. Divergence between actual in vivo respo-nse and measured in vitro frequency response, as well as in vivo deviations of the system from the mathematical description of the model, limited its effectiveness. Catheter-tip manometers are to be preferred when accurate phasic tracings are required.
